Clostridium difficile infection (CDI) following antibiotic therapy is a major public health threat. While antibiotic disruption of the indigenous microbiota underlies the majority of cases of CDI, the early dynamics of infection in the disturbed intestinal ecosystem are poorly characterized. This study defines the dynamics of infection with C. difficile strain VPI 10463 throughout the gastrointestinal (GI) tract using a murine model of infection. After inducing susceptibility to C. difficile colonization via antibiotic administration, we followed the dynamics of spore germination, colonization, sporulation, toxin activity, and disease progression throughout the GI tract. C. difficile spores were able to germinate within 6 h postchallenge, resulting in the establishment of vegetative bacteria in the distal GI tract. Spores and cytotoxin activity were detected by 24 h postchallenge, and histopathologic colitis developed by 30 h. Within 36 h, all infected mice succumbed to infection. We correlated the establishment of infection with changes in the microbiota and bile acid profile of the small and large intestines. Antibiotic administration resulted in significant changes to the microbiota in the small and large intestines, as well as a significant shift in the abundance of primary and secondary bile acids. Ex vivo analysis suggested the small intestine as the site of spore germination. This study provides an integrated understanding of the timing and location of the events surrounding C. difficile colonization and identifies potential targets for the development of new therapeutic strategies.
C lostridium difficile infection (CDI) is the most common cause of health care-associated infectious diarrhea and colitis. CDI results in upwards of 14,000 deaths annually and $4.8 billion in excess health care costs in the United States (1) . C. difficile is a Gram-positive, anaerobic, spore-forming bacterium that produces toxins that inactivate Rho family GTPases, resulting in a loss of epithelial barrier function, mucosal inflammation, and intestinal damage (2) . Individuals infected with C. difficile exhibit clinical manifestations that can range from mild diarrhea to toxic megacolon and death (2) . CDI is initiated by transmission of the environmentally stable spore form of the pathogen. To establish infection, the spore must germinate following interactions with small molecule germinants, which are primarily bile acids (3) . After germination, a productive infection will result in vegetative growth of the pathogen, which then produces toxin, resulting in colitis. Thus, CDI results when C. difficile spores encounter an intestinal environment that supports all of the aspects of C. difficile physiology. The use of antibiotics is a primary risk factor for developing CDI due to loss of the protective effects of the gut microbiota, deemed colonization resistance (4) (5) (6) .
The loss of colonization resistance against CDI results in an environment that allows for C. difficile germination and growth. How the gut microbiota mediates colonization resistance against C. difficile is still unclear; however, previous work has shown multiple mechanisms contribute to colonization resistance (4) . Previous studies have shown that cefoperazone treatment alters the microbiome and metabolome to an environment that favors C. difficile growth (7) . The microbiota is involved in bile acid regulation in the host and is essential for the biotransformation of primary bile acids into secondary bile acids, which can be highly toxic to C. difficile vegetative cells (8) (9) (10) . Additionally, members of the microbiota can directly decrease C. difficile load in a mouse model of CDI (11) . Although an altered microbiota underlies most cases of CDI, the dynamics by which infection is established in a susceptible host is not well defined.
Animal models have been critical for defining the pathogenic processes underlying CDI (12) . Murine models of CDI have been developed where antibiotic administration renders animals susceptible to C. difficile colonization and results in the development of colitis (13) . In the present study, we use a murine model of CDI to describe the early dynamics of experimental CDI following the germination and vegetative outgrowth of spores and the development of colitis. We correlated these infection dynamics with the changes in the intestinal environment brought about by antibiotic administration in order to understand the establishment of CDI.
MATERIALS AND METHODS
Ethics statement. The University Committee on the Care and Use of Animals at the University of Michigan approved this study. The University of Michigan laboratory animal care policies follow the Public Health Service policy on Humane Care and Use of Laboratory Animals. Animals were assessed twice daily for physical condition and behavior, and those assessed as moribund were humanely euthanized by CO 2 asphyxiation. Trained animal technicians performed animal husbandry in an AAALACaccredited facility.
Animal housing and antibiotic administration. Five-to 9-week-old C57BL/6 wild-type mice (male and female) were used from a breeding colony that was originally established using animals purchased from Jackson Laboratories for the experimental infections. Mice were housed with autoclaved food, bedding, and water with a light cycle of 12 h of light and 12 h of darkness. All cage changes were performed in a laminar flow hood. Mice were given cefoperazone (0.5 mg/ml) in sterile distilled water for 5 days ad libitum (made fresh and changed every 2 days). Mice were then given sterile distilled water for 2 days prior to C. difficile challenge.
C. difficile spore preparation and challenge. C. difficile VPI 10463 (ATCC 43255) was grown overnight in a 5-ml culture of Columbia broth at 37°C anaerobically. The next day, the inoculum was added to a 50-ml culture of Clospore medium and incubated at 37°C for 5 days anaerobically (14) . Spores were harvested by centrifugation at 1,500 ϫ g for 20 min at 4°C. Spores were washed with cold sterile distilled water five times, resuspended in 1 ml of sterile distilled water, and stored at 4°C in sterile distilled water. C. difficile spores were heat treated for 20 min at 65°C prior to gavaging animals. A total of 100 spores were introduced by oral gavage to each animal in the study (with the exception of the mice at t ϭ 0). Viable spores were enumerated by plating for CFU/g of luminal content on TCCFA (taurocholate, cefoxitin, cycloserine, fructose agar) after gavaging animals.
Necropsy and sample collection. Mice (n ϭ 5 per group) were euthanized and necropsied every 6 h throughout infection for 36 h. Mice were selected at random from multiple cages to control for any potential cage effects and sex/age differences. Additionally, every time point had both male and female mice represented. Mice were euthanized by CO 2 asphyxiation, and all samples were collected within 10 min of necropsy. The small intestine was divided into sections containing proximal, mid, and distal sections as shown in the brackets (Fig. 1B) . The distal small intestine and the proximal colon were cut at the base of the cecum. Luminal contents were removed for each organ and either flash frozen in liquid nitrogen or passed into an anaerobic chamber for C. difficile quantification. Tissue was placed into histology cassettes and stored in 10% buffered formalin. After 24 h, the cassettes were transferred to 70% ethanol until paraffin embedded and sectioned. Hematoxylin and eosin-stained slides were prepared for histopathological examination by the McClinchey Histology Lab, Inc. (Stockbridge, MI).
C. difficile quantification. Luminal contents were diluted into anaerobic phosphate-buffered saline (PBS) and plated anaerobically on selective medium (TCCFA plates) in order to determine the total amount of vegetative cells and spores. The plates were incubated anaerobically at 37°C for 24 h. The percentage of spores was determined by heat treating the diluted luminal contents at 65°C to kill vegetative C. difficile and plating onto TCCFA. The plates were incubated anaerobically at 37°C for 24 h. The percentages of spores were calculated by taking the C. difficile CFU after heat treatment and dividing by the total C. difficile CFU before heat treatment and multiplying that value by 100.
Toxin assays. Vero cell cytotoxicity assays were performed as described previously (15) . Briefly, Vero cells were seeded in a 96-well flatbottom microtiter plate at a density of 10 5 cells/well. Luminal contents from mice were filter sterilized using a 0.22-m-pore-size filter and serially diluted into sterile PBS. Then, 10 l of each of these final dilutions was added to the Vero cells no earlier than 4 h after seeding. Each well had a corresponding control, and both antitoxin and control wells were treated with purified C. difficile toxin and antitoxin (TechLab, Blacksburg, VA). The plates containing Vero cells and toxin samples were incubated at 37°C in 5% CO 2 overnight. The results of the assay were determined the following morning by viewing the cells under ϫ200 magnification for Vero cell rounding. The cytotoxic titer was defined as the reciprocal of the highest dilution that produced rounding in at least 80% of Vero cells per gram of luminal sample under ϫ200 magnification. Vero cells treated with purified C. difficile toxin and antitoxin (TechLab) were used as controls.
Histopathology evaluation. Light microscopic evaluation was performed by a board-certified veterinary pathologist (I. L. Bergin) in a blind manner (unaware of the time points and experimental design at the time of evaluation). Each tissue was scored separately and without knowledge of which other tissues belonged to that animal. Histological lesions were categorically scored from 0 (normal) to 4 (most severe) for edema, inflammation, and epithelial damage using previously established scoring criteria (15) . Individual parameter scores were summed for a summary histological score with a maximum value of 12. Samples from uninfected mice included as internal negative controls received a score of zero using the same grading scale and assessed by the same pathologist.
Representative photomicrographs were taken using an Olympus DP72 12.5 megapixel digital camera mounted to an Olympus BX45 light microscope and using commercial software (CellSens Standard 1.7.1; Olympus Corp.). Photo processing and composite plate construction were performed with Adobe Photoshop CS2, version 9.0. Photo processing was confined to global adjustments of brightness, contrast, sharpness, and image size that did not alter the interpretation of the image. All images are at the same original magnification of ϫ200.
Illumina MiSeq sequencing of bacterial communities. Microbial DNA was extracted from luminal contents throughout the gastrointestinal (GI) tract using the PowerSoil-htp 96-well soil DNA isolation kit (Mo-Bio Laboratories, Inc.). The V4 region of the 16S rRNA gene was amplified from each sample using a dual-indexing sequencing strategy (16) . Each 20-l PCR mixture contained 2 l of 10ϫ AccuPrime PCR buffer II (Life Technologies), 0.15 l of AccuPrime high-fidelity Taq DNA polymerase (catalog no. 12346094; Life Technologies), 2 l of a 4.0 M primer set, 1 l of DNA, and 11.85 l of sterile double-distilled H 2 O (ddH 2 O; free of DNA, RNase, and DNase contamination). PCR was performed using the following conditions: 2 min at 95°C, followed by 30 cycles of 95°C for 20 s, 55°C for 15 s, and 72°C for 5 min, followed by 72°C for 10 min. For low-biomass samples (stomachs and small intestines of cefoperazonetreated mice) a "touchdown PCR" protocol was performed. Each 20-l PCR mixture contained 2 l of 10ϫ AccuPrime PCR buffer II (Life Technologies), 0.15 l of Accuprime high-fidelity Taq DNA polymerase (catalog no. 12346094; Life Technologies), 2 l of a 4.0 M primer set, 1 l of DNA, and 11.85 l of sterile ddH 2 O (free of DNA, RNase, and DNase contamination). PCR was performed using the following conditions: 2 min at 95°C, followed by 20 cycles of 95°C for 20 s, 60°C for 15 s, and 72°C for 5 min (with a 0.3°C decrease of the 60°C annealing temperature each cycle), followed by 20 cycles of 95°C for 20 s, 55°C for 15 s, and 72°C for 5 min, followed by 72°C for 10 min. Libraries are normalized using a Life Technologies SequalPrep normalization plate kit (catalog no. A10510-01) according to the manufacturer's protocol. The concentration of pooled samples was determined using a library quantification kit for Illumina platforms (Kapa Biosystems, catalog no. KK4854). The sizes of the amplicons in the library were determined using the Agilent bioanalyzer highsensitivity DNA analysis kit (catalog no. 5067-4626). The final library consists of equal molar amounts from each of the plates, normalized to the pooled plate at the lowest concentration.
Sequencing was done on the Illumina MiSeq platform, using a MiSeq reagent kit v2 at 500 cycles (catalog no. MS-102-2003), according to the manufacturer's instructions with modifications (16) . Libraries are prepared according to Illumina's protocol for preparing libraries for sequencing on the MiSeq (part number 15039740 Rev-D) for 2 nM libraries. The final load concentration is 4 pM with a 10% PhiX spike to add diversity. Sequencing reagents are prepared according to the protocol: 16S sequencing with an Illumina MiSeq personal sequencer (16; updated versions of this protocol can be found at http://www.mothur.org/wiki/MiSeq _SOP). Custom reads 1 and 2 and index primers were added to the reagent cartridge, and FASTQ files were generated for paired-end reads.
Microbiome analysis. Analysis of the V4 region of the 16S rRNA gene was done using mothur (v1.33.3) (16, 17) . Briefly, the standard operating procedure (SOP; http://www.mothur.org/wiki/MiSeq_SOP) was followed to process the MiSeq data. The paired-end reads were assembled into contigs and then aligned to the Silva 16S rRNA sequence database (18) . Chimeric sequences were removed using UCHIME (19) . Sequence classifications were determined by comparing sequences to the Ribosomal Database Project, version 9, with the requirement that the confidence score exceed 80% (20) . Sequences were clustered into operational taxonomic units (OTU) using a 3% species level definition, and a total of 2,292,859 OTU were identified. The OTU data were then filtered to include only those OTU that made up 1% or more of the total sequences. The percent relative abundance of bacterial phyla and family members in each sample was calculated.
Targeted bile acid analysis. Luminal content from the GI tracts of mice was weighed at necropsy and flash frozen in liquid nitrogen. Samples were sent to the Michigan Regional Comprehensive Metabolomics Resource Core. The bile acids were detected by negative liquid chromatography (LC)-electrospray ionization-triple quadrupole mass spectrometry (all bile acids were detected by negative mode). Quantitation was performed by external calibration to authentic standards. Ex vivo germination and outgrowth studies in GI luminal content. Ex vivo studies were performed as described previously (7) . Briefly, mouse GI luminal content (non-antibiotic-treated and cefoperzaone-treated mice) was weighed, passed into an anaerobic chamber, and diluted at a 1:1 ratio with PBS. C. difficile spores were added to PBS-diluted luminal content and a PBS-only control and then incubated at 37°C anaerobically for 6 h to assess germination and outgrowth. After incubation, bacterial enumeration was done on TCCFA selective medium. The remaining GI luminal content was heated at 65°C for 20 min to kill off any vegetative cells, and then bacterial enumeration was performed. Samples plated without heating represented spores and vegetative cells (germination and outgrowth). Samples plated with heat treatment represented the number of spores.
C. difficile in vitro germination assays. In vitro studies were performed as previously described by Theriot et al. (7) . Spores were subjected to heat treatment (65°C for 20 min) before use for these studies. Purified C. difficile VPI 10463 spores were incubated in brain heart infusion (BHI) plus L-cysteine at 100 mg/liter supplemented with 0.005% cholate and taurochendeoxycholate in combination for 6 h anaerobically at 37°C before dilution plating for CFU. Each bile acid is represented at the physiological concentration (0.005%) found in the distal small intestine after cefoperazone treatment. Germination was assayed by comparing growth on BHI plates (vegetative cells only) with growth on BHI agar supplemented with 0.1% taurocholate (total CFU). The percent germination was calculated as follows: [(CFU on BHI)/(CFU on BHI-taurocholate)] ϫ 100. Germination under each condition was performed in triplicate.
Statistical analysis. Prism 6 (GraphPad Software, Inc.) was used for statistical analysis. Significance between individual groups was done by Mann-Whitney nonparametric t test. Significance between multiple groups was determined by nonparametric Kruskal-Wallis one-way analysis of variance (ANOVA), followed by Dunn's posttest. Differences were considered significant at a P value of Ͻ0.05.
RESULTS
C. difficile spore germination, vegetative outgrowth, toxin production, and colitis in antibiotic-treated animals. We challenged cefoperazone-treated C57BL/6 mice with 100 C. difficile spores and then euthanized animals every 6 h (n ϭ 5 per time point) for a total of 36 h. Luminal contents and tissue were collected throughout the GI tract and used to define the levels of C. difficile colonization, toxin production, sporulation, and histopathology during this early stage of infection ( Fig. 1 ).
Vegetative C. difficile cells were present in the large intestine and feces 6 h after challenge ( Fig. 2A ) but were not detectable elsewhere in the GI tract. The colonization density of C. difficile in the distal GI tract increased from 10 2 to 10 3 CFU per g of intestinal content at 6 h postchallenge to 10 5 CFU/g at 12 h postchallenge and to nearly 10 8 CFU/g by 18 h. In addition, C. difficile could be isolated from the mid and distal small intestine at 18 h postchallenge at levels of 10 4 CFU/g. By 24 h postchallenge, C. difficile was identified throughout the GI tract, with the highest levels still in the large intestine. By 30 h postchallenge, the C. difficile density had increased in the proximal GI tract, approaching that of the large intestine. C. difficile remained detectable at every site in the GI tract until the mice became moribund and were euthanized at 36 h postchallenge.
From t ϭ 0 to 18 h postchallenge, there were no detectable spores at any site, despite the high numbers of C. difficile seen in the distal GI tract (Fig. 2B) . However, at 24 h postchallenge, spores were detectable in the stomach of one mouse and in the large intestine of every mouse. Spores were detectable at every site of the GI tract by 30 h. Overall, the large intestine had the highest number of spores between 30 and 36 h postchallenge, with 20% of the viable C. difficile being spores. The small intestine had the lowest percentage of spores during this time frame with 3% spores.
C. difficile cytotoxic activity became detectable in the large intestine at 24 h postchallenge, coinciding with the first detection of spores (Fig. 2C ). Cytotoxin activity was maximal 30 h after challenge in the cecum and colon. Although there was some cytotoxin activity in the stomach, there were no detectable histopathological changes in the stomach or small intestine at any point during infection.
The clinical onset of disease followed the timeline of detectable spores and cytotoxin activity, with a 6-h time lag. At 30 h, the mice first showed clinical signs of disease when C. difficile colonization levels were the highest throughout the GI tract. At 36 h postinfection, the mice had multiple clinical signs of disease, including hunched posture, scruffed fur, diarrhea, and closed eyes with discharge, and were approaching 20% weight loss from baseline. As with the clinical findings, no significant histological alterations were seen until 30 h postchallenge (Fig. 3) . Histological changes were confined to the cecum and colon and were most severe at 36 h, coinciding with the occurrence of severe clinical signs that resulted in the mice becoming moribund, necessitating euthanasia. There were no significant histological alterations in the stomach or small intestine at any time point. As we reported previously (15) , infected animals developed a severe colitis characterized by edema, neutrophilic inflammation, and various degrees of epithelial erosion (Fig. 4) . Similar findings were present in the cecum (data not shown). Alterations in the microbiota throughout the GI tract during CDI. Previous work has shown that alterations in the gut microbiota allow for susceptibility of CDI (7, 21) . However, it is unknown how the microbiota changes during the establishment of infection. We characterized the changes in the microbiota throughout the GI tract resulting from cefoperazone treatment (see Fig. S1 in the supplemental material) and focused on the distal small intestine and the large intestine throughout infection to ascertain the possible role of the resident microbiota in resisting C. difficile colonization ( Fig. 5 and see Table S1 in the supplemental material). As seen previously, the large intestinal microbiota after antibiotics becomes dominated by Lactobacillaceae. However, in the distal small intestine there was a relative increase in Lactobacillaceae following cefoperazone treatment, but a greater diversity of OTU remained compared to the large intestine (P ϭ 0.02 [inverse Simpson index]). By 18 and 36 h postinfection, this greater diversity in the distal small intestine was lost as Lactobacillaceae eventually dominated the community. In the large intestine, C. difficile became the dominant member of the community but was less so in the small intestine.
Alterations in the bile acid profile after antibiotics. We have shown that as CDI is established, there is rapid germination, growth, and toxin production by C. difficile in the setting of a disturbed microbiome. To better understand what drives these dynamics in vivo, we also defined the metabolic environment that allows for the establishment of CDI. Since bile acids can trigger C. difficile germination as well as inhibit vegetative growth (7, 10, 22) , we characterized the bile acid pool throughout the GI tract. After cefoperazone treatment, the bile acid profile was altered at each site in the GI tract (see Fig. S2 in the supplemental material) . The bile acid profiles of the duodenum, jejunum, and ileum are very similar, as are the bile acid profiles of the cecum and colon. The bile acid profiles of the ileum and cecum are shown in Fig. 6A and B. In the small intestine, specifically the distal site, muricholic acids (alpha, beta, and omega) were depleted, while cholate (CA) and taurochendeoxycholate (TCDCA) were still present after cefoperazone treatment ( Fig. 6A and B) . The same trend with regard to muricholates could be seen in the cecum after antibiotics. Prior to antibiotics, the main difference between the small intestine and large intestine of mice was the presence of secondary bile acids deoxycholate (DCA), ursodeoxycholate (UDCA), and lithocholate (LCA), specific to the large intestine. After antibiotics, these secondary bile acids were under the limit of detection in the cecum.
Since bile acids can both allow the germination of C. difficile spores and inhibit vegetative cell growth, we used an ex vivo approach to determine whether the altered bile acid profile allowed C. difficile germination and outgrowth. The distal small intestine after antibiotics allowed for complete germination of C. difficile spores and outgrowth of vegetative cells, while germination did not occur in the cecal content (Fig. 6C) . Interestingly, spores were also able to germinate in the small intestine prior to antibiotics, while germination was completely inhibited in the cecal content ( Fig. 6C ).
DISCUSSION
We determined that the dynamics of CDI throughout the GI tract was one of rapid germination and growth. In the present study, we identified the location and timing of C. difficile spore germination, growth, toxin production, and sporulation; we also addressed the environment required for the germination of spores and the establishment of infection. We identified the bile acid germinants in vivo and confirmed that they supported germination of spores in vitro. Finally, we confirmed that the germination of C. difficile spores can occur in the small intestine regardless of antibiotic pretreatment. Disease during CDI was localized to the large intestine and did not occur in the small intestine during CDI. Despite some detectable cytotoxic activity in the ileum, histopathological analysis confirmed no signs of disease in the small intestine throughout the infection. It is interesting that a large amount of C. difficile in the small intestine at 30 h postchallenge (between 10 5 and 10 6 CFU/g) does not result in disease, whereas 10 7 CFU of C. difficile/g in the cecum results in an increased amount of detectable cytotoxic activity and significant histopathological signs of disease. These data further support that the cecum is the site for optimal C. difficile growth, toxin production, and disease after antibiotic treatment (7, 15, 23) .
C. difficile sporulation and cytotoxic activity occurred simultaneously in the large intestine. The trigger for C. difficile sporulation is unknown and is hypothesized to involve environmental conditions such as a nutrient limitation or stress. Toxin production is regulated by many cellular proteins and is also affected by nutrient limitation, although the regulatory network is still being defined (24-26). Our in vivo experiments suggest a link between toxin expression and sporulation in C. difficile VPI 10463. Since there is a strong relationship between C. difficile metabolism and virulence, defining differences between the microbial and metabolic environment in the ileum and cecum may be important for elucidating virulence signals (27) .
The role of the small intestine in C. difficile germination and pathogenesis is not well defined. Several studies have only begun to look at the environment in the small intestine for its ability to initiate C. difficile spore germination and colonization (21, 28) . The Syrian hamster model was first used to establish Koch's postulates for C. difficile, where a single dose of clindamycin resulted in susceptibility to CDI (29) . Using the hamster model, Wilson et al. first showed that the germination of spores in the small bowel was rapid and suggested that bile acids enhanced germination in vivo (30) . More recently, using a mouse model, Giel et al. (28) suggested that primary bile acids in the small intestine were responsible for C. difficile spore germination. We have confirmed this finding in a mouse model of CDI, and we identified specific bile acids that are driving spore germination in the small intestine. Since CA and TCDCA were the major bile acids present in the small intestine after antibiotics and have been shown to be germinants in vitro (31) , we sought to determine whether they could support C. difficile spore germination at the physiological concentrations. We found that CA is the preferred germinant of C. difficile spores, while TCDCA is a poor germinant (see Fig. S3 in the supplemental material); however, both could support germination in vitro at the physiological concentration, suggesting that they are sufficient for C. difficile spore germination in vivo.
Interestingly, we consistently see that the distal small intestine prior to antibiotics supports germination of C. difficile spores, suggesting C. difficile spores are able to germinate both before and after the introduction of antibiotics. This has also been reported in non-antibiotic-treated Syrian hamsters and mice (28, 30) . Therefore, prevention of CDI should focus more on the role that the gut microbiota plays in colonization resistance against the outgrowth of C. difficile vegetative cells in the large intestine. Mechanisms of microbiota-dependent colonization resistance against C. difficile have been proposed, including inhibition of vegetative cells by microbiota-derived secondary bile acid, deoxycholate (7, 32, 33) , and competition for nutrients such as monosaccharides, sugar alcohols, and host-liberated sugars (7, 34) . The identification of vegetative growth in the large intestine as a critical point of the C. difficile life cycle during infection provides a targeted intervention site for evaluation of these and other potential microbiota-related resistance mechanisms. (C) Ex vivo germination and outgrowth of C. difficile spores were measured in distal small intestinal and cecal content from non-antibiotic-treated and cefoperazone-treated mice (n ϭ 4 animals for each group). Black bars depict results for spores alone, and gray bars depict results for both spores and vegetative (veg) cells that were able to outgrow after 6 h of incubation. Significance between groups was determined by using the Mann-Whitney nonparametric t test. Error bars represent the means Ϯ standard errors of the mean.
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